Class IV polyhydroxyalkanoate (PHA) synthase from Bacillus cereus YB-4 (PhaRC YB4 ) or B. megaterium NBRC15308 T (PhaRC Bm ) was expressed in Ralstonia eutropha PHB À 4 to compare the ability to produce PHA and the substrate specificity of PhaRCs. PhaRC YB4 produced significant amounts of PHA and had broader substrate specificity than PhaRC Bm .
Polyhydroxyalkanoates (PHAs) are biopolyesters produced by a wide variety of microorganisms as intracellular energy-storage materials. 1) Recently, they have attracted considerable attention due to such characteristics as biodegradability, biocompatibility, and thermoprocessibility, which are useful in applications in the areas of agriculture, marine industry, and medicine. Furthermore, in contrast to petroleum-based plastics, PHAs are produced from renewable carbon sources such as sugars and plant oils.
The thermal and mechanical properties of PHAs depend on the compositions of their monomers. Poly (3-hydroxybutyrate) [P(3HB)], the most common bacterial PHA in nature, is a stiff and brittle material because its structure has a high degree of crystallinity. On the other hand, the structures of PHA copolymers containing 3HB and a small amount of other 3-hydroxyalkanoate (3HA) units show low degrees of crystallinity and better flexibility. Hence, poly(3HB-co-3-hydroxyvalerate) and poly(3HB-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] copolymers are recognized as useful PHAs. 1, 2) The copolymer composition of bacterial PHA is dependent on the monomer-supplying pathway and the substrate specificity of PHA synthase, which catalyzes the polymerization reaction of 3HAs.
PHA synthases are grouped into four classes (I to IV) based on subunit composition and substrate specificity. 3) Class I and class II synthases comprise one type of subunit, PhaC, whereas class III and class IV synthases comprise two types of subunits, PhaE and PhaC for a PhaEC complex and PhaR and PhaC for a PhaRC complex, respectively. Class I, III, and IV synthases polymerize short-chain-length monomers (C3-C5), whereas class II synthases polymerize medium-chainlength (mcl) monomers (C6-C14).
Class IV was included in the classification only recently, 3, 4) and hence there is less information about the capacity for PHA production and the substrate specificity of class IV PHA synthases. In previous studies, 5, 6) we cloned two genes of class IV PHA synthase, phaRC YB4 and phaRC Bm , from Bacillus cereus YB-4 and B. megaterium NBRC15308
T , respectively. The PhaC (approximately 40 kDa) and PhaR (approximately 20 kDa) subunits showed 71.2% and 47.4% amino acid identities, respectively, between B. cereus YB-4 and B. megaterium.
Ralstonia eutropha is one of the most widely studied microorganisms for the production of PHA, because it is easy to culture using renewable sources of carbon, and also because it accumulates PHA at up to 90% of its dry cell weight. 7) However, the variations among the PHAs that were synthesized by wild-type R. eutropha was limited because its own PHA synthase (class I) exhibits narrow substrate specificity.
3) Consequently, the PHAnegative mutant R. eutropha PHB À 4 (DSM541) is used to produce various PHA copolymers efficiently by heterologous expression of broad substrate specificity PHA synthases. Heterologous expression of class IV synthases in R. eutropha PHB À 4 has not yet been studied. The aim of this study was to compare capacity for PHA production and substrate specificity between two class IV PHA synthases, PhaRC YB4 and PhaRC Bm , using R. eutropha PHB À 4 as production host. To this end, polymerase chain reaction (PCR) was performed to amplify the coding regions of phaR and phaC using the genomic DNAs of the strains. The PCR products were digested with Csp45 I and Pst I and inserted into the same sites of pGEM 00 AB ex . 8) Next, the resulting plasmids were digested with BamH I, and the 4.9-kb DNA fragments were inserted into the same site of pBBR1MCS-2, 9) yielding pBBR1-phaRC YB4 AB and pBBR1-phaRC Bm AB (Fig. 1 ). These plasmids carry the PHA synthase genes of B. cereus YB-4 (phaRC YB4 ) and of B. megaterium (phaRC Bm ) together with a PHA promoter region (P Re ) and 3HB-supplying enzyme genes (phaAB Re ) from R. eutropha. Because R. eutropha PHB À 4 has been reported to have reduced activity of PhaAB Re , 10) expression was enhanced by increased gene dosage.
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2) Samples for GC were prepared by methanolysis using 15% v/v sulfuric acid. Table 1 summarizes the culture results using sugars and plant oils as sole carbon sources, which are desirable feedstock for PHA production because of their abundance and renewability. Both strains synthesized high levels of P(3HB) from fructose or gluconate, ranging from 69 to 81 wt%. Strains expressing PhaRC YB4 showed higher dry cell weights and PHA contents than those expressing PhaRC Bm on sugars. When plant oils were fed as sole carbon source, strains expressing PhaRC YB4 synthesized P(3HB-co-3HHx) copolymers. 3HHx is derived from fatty acids of hydrolyzed plant oils through the -oxidation pathway. The highest 3HHx fraction (0.9 mol%) was observed when palm kernel oil was fed. The reason might be the composition of fatty acids in the plant oils. Palm kernel oil is rich in mcl-fatty acids such as lauric acid (C12:0) and myristic acid (C14:0), 12) whereas soybean and palm oils are rich in long-chain-length (lcl) fatty acids (C18:1 and C18:2). Mcl-fatty acids are likely to provide 3HHx units more abundantly than lcl-fatty acids. Unlike PhaRC YB4 , PhaRC Bm synthesized P(3HB) homopolymer from these plant oils. This suggests that the substrate specificities of these two PhaRCs are not the same.
The molecular weights of the PHAs synthesized from sugars and plant oils were determined by gel permeation chromatography (Table 1) .
2) PhaRC YB4 synthesized P(3HB) from fructose with M n at levels as high as 17 Â 10 5 . PhaRC Bm synthesized P(3HB) from fructose with a relatively high molecular weight (M n ¼ 13 Â 10 5 ). In contrast, no such high M n was observed when soybean oil was fed to these strains. The presence of glycerol, a component of plant oils, might affect the molecular weight, because glycerol terminates the propagation of a PHA polymer chain by acting as a chain transfer agent.
13)
The above results show the difference in substrate specificity between PhaRC YB4 and PhaRC Bm . Hence, the acceptable monomers for these PhaRCs were investigated by feeding fatty acids of different chain lengths. Fatty acid solutions (0.1% w/v) were added 5 times to the medium every 12 h to avoid cell growth inhibition. Table 2 summarizes the results for the cultures fed various fatty acids as sole carbon sources. PhaRC YB4 polymerized 3HB, 3HV, 3HHx, and 3-hydroxyheptanoate (3HHp), depending on the fatty acid fed. PhaRC Bm synthesized PHAs containing only the 3HB and 3HV units. Additionally, the 3HV fraction (17 mol%) of PHA synthesized by PhaRC Bm from valerate was much lower level than that by PhaRC YB4 (74.1 mol%). These results strongly suggest that PhaRC YB4 has broader substrate specificity than PhaRC Bm .
Because PhaRC YB4 polymerizes 3HHx and 3HHp, its substrate specificity is broader than typical class I and class III synthases. 3, 14) It has been reported that R. eutropha PHB À 4 expressing Aeromonas caviae PHA synthase (PhaC Ac ), which belongs to class I synthases but has exceptionally broad substrate specificity, syn- Fig. 1 . Map of Plasmid Used. P Re and T Re denote promoter and terminator regions, respectively, of the phaCAB Re operon of R. eutropha. The phaRC genes encode PHA synthase subunits from B. cereus YB-4 and B. megaterium NBRC15308
T . The phaA Re and phaB Re genes encode -ketothiolase and NADPH-dependent acetoacetyl-CoA reductase, respectively, of R. eutropha. thesized PHA with a higher 3HHx fraction (3.7 mol%) from soybean oil. 15) Compared with PhaC Ac , PhaRC YB4 showed lower polymerization activity toward the 3HHx unit, but the dry cell weight of R. eutropha PHB À 4 expressing PhaRC YB4 (6.0 g/L) was twice as high as that expressing PhaC Ac (2.9 g/L) under the same culture conditions. 15) Furthermore, the PHA content of PhaRC YB4 -expressing strain (81 wt%) was also higher than that of the PhaC Ac -expressing strain (72 wt%). 15) Thus PhaRC YB4 was highly compatible with R. eutropha in terms of PHA production.
In conclusion, this study indicates differences in substrate specificity among PhaRCs from B. cereus YB-4 and B. megaterium. PhaRC YB4 had broader substrate specificity than PhaRC Bm . In addition, it was found that recombinant R. eutropha PHB À 4 expressing PhaRC YB4 produced large amounts of PHA with relatively high molecular weights from sugars and plant oils. 
